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Abstract

This work proposes a theoretical framework for the investigation of chemical and mechanical properties of
nanostructures. The methodology is based on a two-step approach to compute the electronic density distribution in
and around a nanostructure, and then the displacement of its nuclei. The Electronic Problem embeds interpolation
and coupled cross-domain optimization techniques through a process called electronic reconstruction. In the second
stage of the solution, the Ionic Problem deals with repositioning the nuclei of the nanostructure given the electronic
density in the domain. It is shown that the new ionic configuration is the solution of a non-linear system obtained
based on a first order optimality condition when minimizing the total energy associated with the nanostructure.
The long-term goal of this work is a substantial increase in the dimension of the nanostructures that can be
simulated using approaches that include accurate DFT computation. The increase in nanostructure size results
from the key observation that during the solution of the Electronic Problem expensive DFT calculations typically
carried out with dedicated third party software such as NWChem or Gaussian03, are limited to a small number of
subdomains; the electronic density is then reconstructed elsewhere. For the Ionic Problem, computational gains
result from approximating the dislocation of the nuclei in terms of a reduced number of representative nuclei
following the quasicontinuum paradigm.

1 Introduction

The intent of this document is to provide the analytical framework for a longer-term project that focuses on the
investigation of chemical and mechanical properties of nanostructures.

Nanostructures have dimensions in the range of 1 ~ 100 nm and typically contain 10? ~ 10® atoms. Applying
the well-established Kohn-Sham DFT method [18] for nonperiodic structures of 60 atoms has led to simulations
that can take up to three months to complete. When long range interactions are ignored and pseudo-potentials
are used, ab-initio simulations have been carried out for nonmetallic structures with up to 1,500 atoms [25]. The
approach that enabled the increase in the number of atoms belongs to the family of so-called O(N) methods [10],
which scale as N with the dimension of the problem (in this case the number of electrons).

This work is concerned with fundamental electronic structure computation methods. Acknowledging the small-
dimension constraint placed on the problem by the existing Density Functional Theory (DFT)-based methods, the
goal of the proposed work is to use techniques that, by closing the spatial scale gap, render electronic structure
information at the nanoscale. This electronic structure information is then used to investigate the chemical and
mechanical properties of the material.

In the context of mechanical analysis of nanostructures, the methodology proposed follows in the steps of the
quasi-continuum work proposed in [26, 16, 7]. Specifically, this is an extension of the work in [26, 16], because
rather than considering a potential-based interatomic interaction that has a limited range of validity and is difficult
to generalize to inhomogeneous materials, the methodology proposed uses ab-initio methods to provide for the
particle interaction. At the same time it is a generalization of the method proposed in [7] because rather than
considering each mesh discretization element to be part of a periodic and uniformly deformed infinite crystal,
the proposed method treats in a generic optimization framework any structure (nonperiodic and inhomogeneous)
once the electronic density distribution is available.

Two goals are associated with this project; (1) development and software implementation of a methodology
that can substantially increase the dimension attribute of the electronic structure problem, and (2) support

*Math. and Comp. Science Division, Argonne National Laboratory, Argonne, IL, USA. negrut@mcs.anl.gov

TMath. and Comp. Science Division, Argonne National Laboratory, Argonne, IL, USA. anitescu@mcs.anl.gov
Math. and Comp. Science Division, Argonne National Laboratory, Argonne, IL, USA. tmunson@mcs.anl.gov
8 Chemistry and Materials Science Divisions, Argonne National Laboratory, Argonne, IL, USA. zapol@anl.gov



for investigation of general nanostructures (metallic and nonmetallic, nonperiodic structures, inhomogeneous
materials).

1.1 Paradigm of the proposed approach

The electronic density reconstruction described is done in reference to a regular lattice or domain of a regular
lattice. Significant computational savings are anticipated to stem from two assumptions: (1) the geometric
assumption, where the premise is that the lattice is only minimally deformed and the state variables are nearly
periodic in most of the domain (this latter requirement will be relaxed to allow for localized defects), and (2)
the electronic assumption, where the premise is that for a given ionic distribution, the electronic energy can be
expressed as

E(p, pa) :/91(p,pA,r)dr+//92(@;),47r;p7pA,r’)drdr’ (1)

This representation is commonly used in conjunction with the so-called Orbital-Free DFT (OFDFT) method [29].
Here 612 are the relevant energy density functions; p is the electronic density; and pa is the nuclear density, which
may include delta functions. The first term typically includes the kinetic energy and an exchange-correlation term,
whereas the second integral includes all pairwise interactions. Details regarding the definition of these terms are
provided by several authors [20, 15, 17].

The electronic structure computation is then formulated as an optimization problem [14]: find the electronic
density p that solves the problem

min E[p, pa) (22)

subject to the charge conservation constraint

/p(r)dr = N, (2b)

where N. represents the number of electrons present. The solution to this problem depends parametrically on
the nuclear density pa, p = p(pa), a consequence of the Born-Oppenheimer assumption. Subsequently, the
computation of the ground state of the entire system as the solution of the optimization problem

min E[p(pa), pal (3)

provides the nuclei distribution. The latter problem governs the approach to the first question.

As indicated above, one of the two central assumptions is that almost everywhere in the nanostructure the
solution to the nuclei distribution problem results in only small deformations. In order to quantify the concept
of small deformation, the nanostructure is considered to occupy an initial reference configuration D° C IR3.
The structure undergoes a change of shape described by a deformation mapping ®(r°,t) € R*. This deformation
mapping gives the location r in the global Cartesian reference frame of each point r° represented in the undeformed
material frame. As indicated, the mapping might depend on time ¢. The variable ¢ does not necessarily represent
the time contemporary with the structure under consideration. In fact, in a quasi-state simulation framework,
this variable might be an iteration index of an optimization algorithm that solves Eq.(3) in the case pa is made
of nuclear point charges.

The components of the deformation gradient are introduced as

0P,

Fiy= 0 (4)

where upper-case indices refer to the material frame, and lower-case indices to the Cartesian global frame. Thus,
F =V, &, where Vj represents the material gradient operator, and therefore the deformation of an infinitesimal
material neighborhood dr® about a point r® of D° is expressed as

dr; = Fiy dr (5)
The concept of small distortion is equivalent to requiring that the spectral radius of F be sufficiently small; that
is,

[[Vo ®||2 < K (6)

is expected to hold for almost everywhere in the domain By, for a suitable chosen value of K.
As a consequence of the geometric assumption, computational savings are anticipated because for all the
domains that satisfy the condition of Eq.(6) a two-tier interpolation-based approach will reduce the dimension of



the problem. First, the electronic structure will be reconstructed in some domains by interpolation using adjacent
regions in which a DFT-based approach has been used to accurately solve the electronic structure problem; we
call this procedure electronic density reconstruction. Second, the position of the nuclei will be expressed in terms
of the positions of a reduced set of so-called representative nuclei, repnuclei, in an approach similar to the one
proposed in [26]. The proposed approach solves only for the position of these repnuclei; the position of the rest
of the nuclei is then obtained by interpolation.

The remainder of this document is organized as follows. Section 2 discusses the strategy for electronic density
reconstruction. The emphasis is placed on how interpolation is used to estimate the value of the electronic density
in an entire domain D based on information available in a limited set of interior subdomains. The section starts
with a simple DFT approach (Thomas-Fermi) that serves as a vehicle for introducing of an otherwise abstract
methodology. The entire section draws on the physics of the problem being addressed. In contrast, section 3
focuses on the numerical solution component of the methodology. This section casts the problem in a numerical
optimization framework and then presents the difficulties associated with the problem and the way they are
addressed. With the electronic structure problem solved, the proposed methodology uses the Born-Oppenheimer
assumption to investigate the mechanical properties of a nanostructure given a certain electronic distribution.
This analysis is discussed in section 4. Section 5 succinctly presents an outline of the computational flow at the
end of which the coupled electronic structure and nanostructure shape problems are solved together. A set of
open questions conclude this section. Following the Conclusions section, the Appendix presents a more formal
proof for a domain decomposition approach used within the Thomas-Fermi DFT framework.

2 Electronic Density Reconstruction

2.1 A simple example: a domain with a gap and Thomas-Fermi DFT

The notation introduced in section 1.1 as well as the proposed methodology is first applied when the Thomas-
Fermi functional is used to describe the dependency of the energy on electronic density [27, 8]. The Thomas-Fermi
functional has well-known severe accuracy limitations. It provides, however, a simple framework in which several
key points of the methodology proposed for electronic density reconstruction are more easily introduced.

2.1.1 The Thomas-Fermi functional

The Thomas-Fermi-based energy functional assumes the form
Elp,{Ra}] = Enc[p,{Ra}] + J [p] + K [p] + T'[p] + Van ({Ra}) (7)

where

Brelp(Ra)] = -3 [ 2220 4 (30)

L[ el
T = g [ [ e (8b)

Tl = Cr [ i) ar (s¢)
Kl = ~C [pl)ar (34)

M M Zu Zi
Van ({Ra}) = ;Bgﬂm (8e)

Here Cr = 13—0(3772)2/37 and C, = % (%)1/37 and the following notation is used:
e F,. - energy corresponding to nucleus-electron interaction
e J - Coulomb energy

e K - exchange energy

T - kinetic energy
e V), - inter-nuclear interaction energy

7 4 - atomic number associated with nucleus A
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Figure 1: Electronic density reconstruction.

e r; - global position of electron 1
e R, - global position of nucleus of atom A

e [ (-) without integration limits - an integral over the entire domain.

The expression of the energy functional of Eq.(7) justifies the notation used in Eq.(1): the kinetic, exchange,
and nuclear electronic energy are represented through the §' term; the electron-electron interaction is associated
with the term 2.

In this simple example assume that there are three identical domains D1, D2, D3, as in Fig.1. The electronic
density in the respective domains is denoted by pi(r), p2(r), p3(r):

p1(r) re D
p(r)=9q p2(r) rebDs
pg(r) r e D3

The definition of the density outside the domain D; U Dy U D3 is extended by assuming that its value is zero.
In the Thomas-Fermi case, the optimization problem of Eq.(2) depends parametrically on the positions of the

nuclei:
min, E(p;{Ra}) + A (f pdr — N) (9)
st. [pdr—N=0
The constrained optimization problem above is formulated for the case in which there is no deformation in
the underlying crystal structure of the material, whose nuclei are at positions {Ra}, for A=1... M. In a direct
approach, the dimension of the problem is prohibitive most of the time; unless simplifying assumptions are taken
into account (such as periodic boundary conditions, local effects (truncation), pseudo-potentials, etc.), systems
that contain thousands of atoms cannot be typically simulated. For domains D;,i = 1,2, 3, the energy is defined
as

E;i [pi, Ni; pi, {Ra}] = C’F/ 2 ( dr—C/ pZ (r) dr + // pilr ’ )drdr (10)
D-D; \r—rH

pz ’L ZA p’b /
dI‘+/\1 idI‘
/ / |r—r'|| Z/ |RA—r|| o,

i

+

We use the symbol p; to denote the electronic density outside the domain D;, i = 1,2,3. The optimality
conditions for the optimization problem (9) can now be represented in terms of subdomain problems on the
domains D;, ¢ = 1,2, 3.

V. Eilpi i i {RaD) =0, i=1,2,3 (11a)
Al=X2 =3 (11b)
/pdr —Ne=0 (11c)



2.1.2 Reconstruction through interpolation

Assuming that the solution is sufficiently close to, but not necessarily, periodic, for r € Dy the density is recon-
structed by averaging, that is (see Fig.1)

p2(r) ~ %(Pl(r —a(1,0,0)) + p3(r + a(1,0,0))) (12)

where a(1,0,0) is a translation vector that indicates that the structure is periodic in the (1,0,0) direction.
Likewise, a > 0 is a constant scaling factor associated with the underlying structure, much as it is the case with
a Bravais lattice but in this case applied for subdomain-type periodicity.

This approximation can be improved by using only domains away from the endpoints of the overall slab-like
domain. However, for simplicity, in this example the entire domains D; and D3 are considered for reconstruction.
Based on Egs.(11) and (12), this leads to the following coupled system of nonlinear equations

Vo1 E1(p1, At ps, % (p1(r—a(1,0,0)) + ps(r +a(1,0,0))) , {Ra}) =0 (13a)
VP3E3(p3> )‘3§ P1, % (pl (T - a(L 07 0)) + ps(’r‘ + a(17 0, 0))) ) {RA}) =0 (13b)
)\1 = )\3 (13C)

'/p1dr+'/p3dr: %Ne (13d)

which can be solved without referencing the second domain Ds. Note that no assumption is made about the
charge neutrality in the domains; if an external nonsymmetric potential is present, the total charge will reflect
the non-symmetry.

The condition in Eq.(13a) leads to the following integral equation, which must hold for any r € D;:

2 4 1
S0l ) - 30t + [
1

p1(r') Ky (r',r)dr —i—/D3 p3(r)K13(r', 1) Z Hr—R || 1=0 (14a)

where the kernels K711 and K13 are defined as

1 0.5 1 0.5
K = + Ki3 = =+
lle —rf] e = (" + T)l le =[] [l = (" = T)]|

(14b)

where T = a(1,0,0). Similarly, writing the optimality condition of Eq.(13b) leads to the following integral
equation, which must hold for any r € Ds:

5 2 4 1
SCrpi )~ 3Copd )+ [

D1

r')K. r',rdr'—i—/ Ka3(r',r) +A3=0 15a
p1(r) K (r,r) Dsps( r')Kss ZHr—R I (15a)

where the kernels K31 and K33 for this problem satisfy the condition
K31 = K1 K33 = K3 (15b)

Equations 14a and 15a represent a set of nonlinear integral equations that are solved through standard tech-
niques [2]. These equations were derived under the assumption that there is no deformation of the domains.
However, similar equations can be derived from an interpolation approach on the underformed crystal, to which
the problem on the deformed crystal is reduced by the composition po ®(r°, t), where ®(r°,¢) is the deformation
mapping. In that case, Eq.(12) is replaced by

pale,1) = p2(@(°, 1)) & 3 (11 (B0~ T,0)) + ps (R + T, 1)) (16)

where the deformation ® that depends on the position r°, of the point in the undeformed (material) frame, and
time is as defined in section 1.1. The optimality condition V,, E1 = 0 leads to the following integral equation:

5 2 4 1 p(r) ., p2(r’) .,
20pp? — - Cup? +/ L Y L LIV NS M=0 (17
370 3T py llr =] Dy v =1 Ds ||1‘—1°’|| Z Hr—

A change of integration variable is performed to take the integration back to the undeformed domains:
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p1(r’) P (2(x", 1)) o o
/D1 m ro= /1;? ||(I)(I‘0,t)—<1>(r0’,t)|\ ‘F(I‘ vt)‘ dr (18&)

Lrl) r = p2(q)( o 2f)) ro/ rO/
/D2 [Ie =] /Dg @@, ) — oo p T

o

- 0/ !/ !/
_ / 0.5(p1 (®(r" OT,t)) +pso(/<1>(r + T,t))) Fe 1) dr (18h)
DY [[@(x0,t) — (x", 1)||
PS(I'/) / / PS(¢(r0/7t)) o’ 0/
——— dr = . F(r',t)| dr (18c¢)
= Jog TG0, ) — o gy FO 0
Therefore, the optimality condition for any point r® assumes the form of an integral equation:
2 1 7 /
5Crp} (B°,0) = 3Cop} @, 0) + [ ;(@” 0)Kn @1’ (192)
DY
M Z
—|—/ p3(P rO/,t Kis rol,r0 drol — A +A =0
g @O NG =D R
where the kernels K11 and K13 are defined as
F(r®,t)| 0.5 |F(x° +T,1)]

K 0o/ _0 | 3 ) 19b

i) = e, e 0] T R0, 1) — 80 + T, 0] (19b)
F(r®,t)| 0.5 |F(x" —T,1)]

K 0/ .0 _ | ’ ’ 19
BT = 50,0~ eG 0] | Re0.1) — B — T.0] (19¢)
(19d)

Similarly, writing the optimality condition of Eq.(11) for domain D3 leads to the following integral equation
that must hold for any r° in the undeformed domain DS:

2Crpf (0°,1) 5 Capd ((°,1)) + / (@ £)) K1 (2, x0)dr” (20a)

+/ p3(®(x® 1)) Kas(x® x%)dr® — +A3=0
DY Z || (r, 1) (R%,t)l\
where the kernels K31 and K33 satisfy
Ka(r” 1) = K11 (2%, 2°) Ksg(r”' 1) = Ko (', 1) (20b)

Note that Eqgs.(19) and (20) are similar to Egs.(14) and (15). The equations corresponding to the undeformed
case are obtained by setting |F(r® ¢)| = 1, and ®(x°,t) = r° everywhere in DY U D§ U DY. These two conditions
effectively indicate that none of these domains experiences any deformation.

In setting up and solving the above equations, an appropriate representation for @(r0,7 t) is necessary. In this
work mesh-based representations are considered. This leads to the following representation:

o, 1) = Y o(r” |RA)P(RY, ¢) (21)

AeB

Thus, the deformation needs to be represented only at the points R%, A € B, and is then reconstructed by
interpolation at the other points of the space, by using the shape functions ¢(, ). The points RY%, A € Bmay or
may not coincide with nuclear positions.

A difficulty with Eq.(19) is the fact that the equations are singular when r® = R%, A = 1,2,..., M, which raises
the question whether the equations are well posed. Considering the procedure used to obtain these equations, one
can only claim that they are valid everywhere except in small neighborhoods of the nuclear position; that is, not
for r° = RY%, A =1,2,..., M. In addition, asymptotic examination (as r® — R%, A = 1,2,..., M), of Eqs.(19)
reveals that they can be asymptotically satisfied, provided that the leading term is

P (20,1)) (g(Z;) [9(°,0) — S(RA™)|| 2 (22a)
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Figure 2: Electronic density reconstruction.

Since the above expression is integrable in three dimensions, it does not pose a problem for evaluating the
total charge integral. In addition, this singularity is an artifact of the coordinate system used. Using spherical
coordinates to represent the density around <I>(RE)4/)7 the singularity is lifted by the determinant of the Jacobian
of the coordinate transformation. With respect to those coordinates, the density satisfies

p(2(%,0) ~ |8, 1) — B(RA™)]|2 (22b)
and the singularity is thus removed.
Nevertheless, this type of behavior is not easily captured on a computational mesh. A controlled approximation
via smoothing of the potential will be introduced in section 2.3, and as a result the expression of the density will
be numerically well behaved.

2.2 Analytic foundation of electronic density reconstruction

In this subsection, the process of electronic density reconstruction is referred to as fluctuation reconstruction, in
reference to homogenization terminology [4]. The objective is to develop efficient tools that compute the solution
to the electronic structure problem up to higher-order terms O (F)2 + O (Vo F). This is equivalent to carrying
out the first step of the classical homogenization technique [4].

For simplicity, assume that two identical rectangular domains of linear size a are separated by a vector
La(1,0,0), where L is an integer. These reference domains D] and D7, ,, have electronic densities p; and
pL+1, respectively, that might have been computed by using an elaborate DFT method. The goal is to recon-
struct the density in the domain between the two given rectangular domains (the shaded region in Fig.2). The
notation convention T = kT is used below.

The potential generated by the total charge in the system is

V()= / p(r’ltr::x(r’)dr,’

In our computations it is important to consider separately the potential that is generated by electronic density
outside a given domain D, whose complement is D, that is,

/ ! /
Ve (r; D) = p(r) + palr’) )dr/ + palr’) )dr/, reD. (23)
D r—r pr—r

For solving the electronic problem, we may consider that the effect of the nuclei from the domain is also a part of
an “external” potential, which explains the last term in the previous expression.
Clearly,

/
V(r) = Vezt(r; D)/ +/ P(T )/ ar'.
pr—r

One consequence of the geometric assumption (see subsection 1.1) is that the external potential and the
electronic density are nearly periodic, at least in the direction or in the region in which we do the reconstruction.
For that assumption to be reasonable, one may imagine either that the domain depicted in Fig.2 is embedded in
a crystal sufficiently large in the horizontal direction and periodic across, or that the end domains D] and D},
are sufficiently far away from the boundary of the crystal. In addition, we assume that the “periodicity defect” is
slowly varying in space on the scale of the domains.

This assumption is typical in homogenization theory, and in this context an observable W (z) can be expressed
as W(x) = f(%,%). Here f(y, 2) is a function that is periodic in z with a vector period T = O(1) and that is well
behaved in y, that is, %5 = O(1). An example of such function is ysin(z). Here a is the characteristic length scale
of the fluctuations (the “microscale”, or a measure of the domain D7 in our case, such as its diameter), whereas
b is the “macroscale” length scale (in our case, the entire crystal or nanoparticle) and a < b.



As a result of our representation of W (x), we have from the intermediate value theorem that, for any integer

k, the following holds:
B r+kTa = T T\| ka
_‘f< b ’a)f(b’a)_o<b>

By a similar argument, the following also holds for nearly periodic W (x).
(1= 52 W(a) + 52 W (o + LaT) = W (o + (k= 1)aT) = O((L§)"), k=1,2,...L+1

‘W(acqtkfa) B W(ac)‘ _ |y (:n —&-bkfa’ :c—&—akfa) _y (%’ 2)

Therefore, the nearly periodic assumption for V°**(r; D) implies that the external potential has the following
two properties

[V (@ (2% + Ty —1,t) ; Diy) = VO (@ (2% 4+ Thy—1,t) 5 Diy) | <

o(w)go(%), Vel € D 1<k <ks < L+1,

and

(1 . %) VEZt(® (I‘O7t) ,Dl) + <k%) VEZt (@ (I'O + TLat) 3D2+1)
%4

1
2
(@ (0 4 Ty_r, 1) ; Di) —o((Lb“) )k—1,2,...L+1, ¥ DY

In the following, we assess the error of reconstructing the electronic density in the domains Dy, k = 2,..., L
by interpolation between its values in domains D7 and D7 ;. The reconstruction rule is the following:

p(® (0 +T0) 1) ~ 5 (®(° + T t)) = (1 - ﬁ) o (@ (. 0) 4K pu (@ (00 4 T0)) k=2, L e

L
(24)
where we have denoted

p1 (@ (1) =p (@ (r",1)), prs1 (®(r*+Tr,t))=p(® (" +TL,t)) r°€Di
to emphasize the fact that the reconstructed density depends only on the density values.

Theorem 1 Assume that the external potential is nearly periodic. Then the error in the optimality conditions of
the electronic structure problem is

La\ 2
¢ ((5) ) £0 (o1 (8 (1)) — prs (8 (4 T1.))’
Proof
We now assume that the optimality conditions can be expressed as
0 (pr; V' (@ (r° + Tao1,t) ; Di)ix’ + Tot) =0, €Dy, k=1,2,...,L+1,

where 6 is an operator that is twice continuously differentiable in the range of approximation. For example, in
the case of the Thomas-Fermi approach, Eq.(14) results in the following approach for 6.

ex 5 2 4 1
0 (pis Vet (2 (2% 4+ Tumr, 0) . Di) 52° 4 Tia) = 5Crp¢ (2 (2° 4 Tior, 1)) = Cape (2 (2" + T, 1))

Pk (CI)(I‘D/7 t)) o’ o’ ext 0 r
F t)|d \% P Tr_1,t);D A=0
TR 5w P OV (B0 300 ¢
where r° € DI, k= 1,2,...,L+ 1. The second-order differentiability of # holds as long as p is bounded from
below.
In our approach, the reconstructed density depends only on the the values of the density in DT and D7y, in
which we assume that the optimality conditions are exactly satisfied, that is,

0 (pr; V(@ (x°,8) 3 D1) ;@ (x%,8)) =0, 0 (prsi; V' (@ (x° +T2);Dry1) ;@ (r°+TL)) =0, r’€ Df.
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Figure 3: Nanostructure at end of Preprocessing.

Using analysis tools in interpolation theory, as well as the assumption that the external potential is nearly
periodic, we obtain that

07 (® (* + T, 1)) V= (@ (1 4 T 1) Dir) L (& (° + T 1)) =
0((1=F)pr (@ (" 1) + o1 (® (x° +Tryt)), (1= £) V' (@ (x7) ;D7) + EV' (@ (27 + T, 1) s Diy)) +
0((5)%) =0 ((5)") +0 (pr (@ (+°,1)) = prss (@ (x* +T1,1))*), 1°€ D}, k=1,2,...,L -1,

which completes the proof.

The proposed interpolation-based approach has certain limitations and is not expected to always work well. In
particular, the reconstructed density might display discontinuities at the interface between neighboring domains,
which may be an issue with von Weizsacker-type kinetic energy corrections that are encountered in OF-DFT
approaches [29]. However, for the purpose of generating just the field and computed the force on nuclei in the
middle of the domain, the above approach is fairly accurate.

2.3 The strong form approach: the Thomas-Fermi example revisited

The strong form, or direct, approach refers to the case in which the electronic structure is computed, at least in
some subdomains, by solving the system of integral equations that the first-order optimality condition leads to.
In what follows this approach is exemplified for the Thomas-Fermi energy functional and applied to a domain
D =Dy U...UD, that contains the nanostructure. The optimality conditions of Eq.(11) are first formulated for
a set of p < w representative domains Y; through Y. In what follows, Y = Y1 U...UY, C D; more precisely, there
is an integer-to-integer mapping x : {1,...,p} — {1,...,u} such that Y; = D,(;). The direct method computes
the electronic density in Y and uses reconstruction by interpolation to recover p in D — Y. For instance, in Fig.1
there are three domains D1, D2, and Ds; Y1 = D, and Y2 = D3. Likewise, in Fig.2 there are L 4+ 1 domains, but
only two reconstruction domains: Y7 = D1, and Y2 = Dp41. Figure 3 also shows the partitioning of the domain
D in which the electronic structure computation is carried out, as well as the reconstruction domains Y; through
Ys. The figure presents a two-dimensional case, but the discussion in this section covers both the two- and the
three-dimensional case. By convention, in what follows Greek subscripts are used to index quantities associated
with reconstruction domains.
At the core of the strong form approach stands the optimality condition for a generic domain Y, € Y:

SCrpd () - SCupk( Z ) ppa S (25)
“UFRpa(Y) — zpoc + / - — + = 5
3 Hr*r’ll A= |lr — Ral|



The first step is to express the density p; on domain D; in terms of reference densities po € Yo, € {1,...,p}. A
set of weights ¥ determined based on the type of interpolation considered (linear, quadratic, etc.) is used to this
end:

Pi Z + Tia, )) (26)

where the vector T, is the translation vector that based on the periodicity assumption takes the point r* in
domain D; to its image in the domain Y.

Note that not all domains need to be included in the electronic density reconstruction. For example, if a
domain has a defect, the electronic density is severly distorted away from near periodicity assumption, and should
not be included in the reconstruction process in neibhboring domains. This can be formally accommodated by
our approach by setting va (i) = day(a), for such domains a where 4.. is the Kronecker symbol.

Taking into account the deformation of the structure,

Pz‘(r,) / 21 ﬂa(i)pa(é(r0l+Tia’t)) o’ o’ - o’ o 0 0/ o’
[ e :/Dg oy g TN =3 [oa@ R ) ar

i a=1

f(m(ro,rol) =

Ia(i) |F(x® — Tia,t)|
0,t) = &(r% — Tia, t)]|
For any Yo, Eq.(25) is reformulated as

Qoo

CFp

Wl ot

0 4 % o / 0/ B
(®(r 7t))—gCgE S (@(x°, 1) +Z Z/pw O 1)) Kir (2, x° Z 0. 1) (R?q,t)||+/\_0

i=1 'leU

(28)
Defining for r’ € Y2
Koy (2% 1%) = 37 Koy (2%,17) (292)
=1
then Eq.(28) yields
5 rpd (0(°,1)) — L0, pd (@00, 1) +ij/K @, 1), (B, £))dr® — i Za +A=0
g P T g PR 2 [ et B R [0, ) — @RS 0l T
'Y*ly(J A=1
v
(29b)
which should hold for any r° € Y,,. Finally, since p > 0, a new function 7 is introduced such that
p(@(x’,1)) =" (x,1) (30a)

where s > 4 is an even integer. This new function must then satisfy in the subdomain Y, the following integral
equations:

4 o’ o/ 0/
o a - S VYT cx ch ,t )\ = b

The algorithm at this point calls for the solution of an nonlinear system of integral equations in po, @ = 1,...,p.
In order to solve this system, the reference domains Y, are meshed by using hexahedrons. These meshes are
denoted in what follows by G; through G,, and they are associated with Y7 through Y}, respectively.

The direct numerical solution of the nonlinear system of integral equations becomes intractable in Cartesian
coordinates because of the singularity when the grid points in a mesh G, approach a nuclei of location R4
(see Eq.(30b)). When approached in spherical coordinates in a three-dimensional representation this apparent
singularity is in fact a nonissue (see the discussion related to Eq.(22)). Below, a potential-smoothing step is
introduced to address the situation when r” — RY. Compared to the original term ||®(x°,t) — ®(RY, t)||™", the
d-smoothing function

(Y1) —2(RY )|
—_—e 55

[|@(x0, 1) — ©(RY, 1)

Ss(r’, Ry, 1) = (31)
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behaves similarly for large values of ||®(r?,¢) — ®(R%,#)|| and & small but positive, but it converges to i rather

5
than going to infinity when r® — RY%. Thus, the smoothing process applied to Eq.(30b) leads to

26 4 s P M
ngn,f’ — =Cyné + Z /Kay(ro,rol)nf,(rol,t)drol — Z Za Sg(rO,R%,t) +A=0 (32)

7:1}}0 A=1
The following notation is used in what follows:

ng; — the value of n at the node j of grid Gs

T — a generic grid discretization cell of volume ||7]|

V(1) — the set of vertices associated with cell 7 (four for a tetrahedron, eight for an hexahedron, etc.)
|Ga| — the number of grid points in G,

Y$ — undeformed reconstruction domain meshed with G,; Yy, = Ureg, T

After discretization, the integral equation above yields at an arbitrary grid node i € G4 of location r? € Y,

Somns _4c §+ZPJ[Z/K 2, 1) 75 (e t)dro/-| _fj Za S50 RY, )+ A=0  (33)
3 F1qi 3 x T i [ ay\1tis Ty ) J A s\, va, -

v=1 [T€G5 % A=1

The integral on 7 is performed by g-point Gaussian numerical quadrature with weights wy:

q
/ Kon (e,0") 05 (e 0)de® = |I7]| D7 wn Koo (e, 20) 3 (el 8)

v 1=1

Figure 3 shows in the two-dimensional case a mesh cell and the quadrature points. As indicated in this figure, r?
describes the position of the grid nodes; the interior points (quadrature points) are located at r?/. The abscissas

r?/ of the quadrature points are different from the mesh (grid) points, and the value of the unknown function n

at these abscissas is obtained by interpolation. Interpolation at point r?/ € 7, using a set of shape functions g

associated with the nodes d € V(1), yields

S / S / S
777(1'? 7t) ~ Z 77'yd Wd(r? 7t) = Z "7'yd @il
dev(r) dev(r)

where ¢, are constants that can be precomputed. If one defines for r° € Y, and r?/ €y,

q
kawd(ro) = Zwl Wfi Koany (r07 r? ) (34a)

=1

the discretized form of the integral equation expressed at grid node i € G, of location r9 € Y, becomes

5 2 4 B P . M
SO = 30l + 7 | D Ml ka6 wa| = D Za Ss(%, RA 1) + A =0 (34b)
=1 [1€G4 dey A=1

Denoting the left side of Eq.(34b) by Pai(n), where 1 = (11, m12, - - ., Mp1, Mp2, - - -)©, the nonlinear system of
equations that should be solved becomes

forae{l,2,....p},i=1,...,|Gal.
One additional equation is added to the set of Y °_, |Ga| equations above, and it follows from the charge

constraint of Eq.(2b). The central idea is again to use the electronic density in the reference domains Y, to
express the electronic density in the whole domain D. Skipping the intermediary steps, this yields

/p(r)dr = Z /ng(ro,t) o (0, 1)dr? (36a)

D a=1 Y(Q
Ko(x®,t) =) da(i) [F(r° = Tia,t)| (36b)
=1
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Using for the evaluation of the integral on a cell of the undeformed grid Y2 the same quadrature rule and
interpolation method to evaluate the function at the quadrature points, the charge constraint equation eventually
assumes the for

i [Z > n;idl%ad} ~N.=0 (37a)

a=1 [rng dev(r)

q
kaa =y wi pq Ka(xl,1) (37b)
=1

If a Newton-type method is considered for the solution of the nonlinear system of Egs.(35) and (37a), the
partials are computed as
OP.; _ 10s 253

4s 232 « 0 s—1
- C 2= 701 2 67—71 kaai i i 38
a"?ai 9 Fllag 9 Navi + EEYO ||TH (I‘ ) Ul ( a)

where §7; = 1 if for 7 € Go, i € V(7), and 03; = 0 otherwise. When ¢ # j or o # (3,
aPai

Erewetie > Il 675 kaps (x9) m5; (38b)
1157 TEYg
Likewise,
OP, o 1 o b
L= syt 67 kaa (38¢)
8776]' a=1reYy0

where, by convention, Pyo(7) is a notation for the left side of Eq.(37a).

3 DFT with density reconstruction

By reference to equation (29a), we define
u
~ ’ ~ ’
Koot x") = > Kia@®x%), 2% € v (39)
i=1, i£x(a)

It then follows that the external potential, as defined in (23), can be computed as

P
VG @) = [ Kool )pn @67 ) DT [ Ko@) (@, ) (40)
Y(&) 7:117?&‘11;‘\(/)
M
— Z Za Sg(r07Rg,t), a=1,2,...,p, r° e Y2
A=1

Define now the following quantity

2s s ~
FI (pa, a) = gCme - %Czna?f +/Kx<a)a(r°,r°')pw(<1>(r°'7t))dr°/~ (41)

v
Then the optimality condition (29b) can be written as

fTF(pava) + Vemt(ro7p17p27 e 7pp»05) + )‘ = 07 Q= 1727~ <Dy rO S Yo(z)
The total charge density can also be computed based on (26)

/p(r)dr = i i D) /YO Pa (P + Tia,t)) ‘F (rol + Tia,t) ‘ dr®’

i=1 a=1

With these notations, we note that our density reconstruction methodology applies irrespective of the particular
DFT used. In that case, the only thing that changes is F%°. Therefore, the general electronic density problem
with interpolation-based reconstruction becomes

12



f(pava)+VEZt(T07p17p27"'7pP7a)+)‘ = 07 a:1727"'7p7 rOGYO(c)' (423“)

u P

>3 vat [

i=1 a=1

N. (42b)

e (Y + Tia, t)) ‘F (x + Tias ) ‘ dr”’

An useful fact is that F(pa, @) is the gradient of the objective function of the electronic structure problem
on domain D,, a = 1,2,...,p. We can therefore use, for a given DFT approach, any software that returns the
gradient with respect to p of the energy functional on domain D, coupled with a quasi-Newton approach to solve
(42).

3.1 Nonlinear equations vs. optimization approaches

The above problem is a nonlinear equation, that originates in an optimization problem. It can be immediately
proven that, in aggregate, it does not represent the first-order conditions of an optimization problem. That issue
is a bit unsettling, since solving optimization problems is typically a more robust process than solving equivalent
nonlinear equations, because any local minimum of the optimization problem satisfies the nonlinear equation of
its optimality conditions. When only a nonlinear system is available, a local minimum of the residual is not
necessarily a solution of the nonlinear system.

It is therefore important to assess whether there exists an optimization problem that is equivalent, at least up
to leading order of the homogenization error (La/b) with the nonlinear system.

In an abstract formulation, we have the following problem.

5111212 f(l’l, xz)
Here we assume that the variables x; correspond to the representative degrees of freedom whereas x2 correspond
to the rest of the degrees of freedom. In the electronic problem with density reconstruction, the representative
degrees of freedom are the ones used to parametrize the electronic density in the representative domains D,,
a =1,2,...,p. In the quasi continuum method , the representative degrees of freedom are the positions of the
repatoms [26]. The latter method is based on the observation that one expects at the solution to have xg = T'(z1)
where T'(x1) is the piecewise linear interpolation mapping with nodes at the repatoms. In the electronic density
problem, the mapping 7'(+) is the interpolation-based operator from (26).
Based on this observation, one can formulate the nonlinear equation

vll f(xlva)v T2 = T(‘rl)

which will provide the same solution as the original problem. However, the problem is an equilibrium problem
with equilibrium constraints rather than a minimization problem.
However, it immediately results using the chain rule that the optimization problem

min (@1, (1)),

has the same solution as the previous two, provided that the reduced Hessian is positive definite, which should
be true if the original Hessian was positive definite, and the interpolation mapping is full rank. This observation
presents the advantage that one solves an optimization problem as opposed to a system of nonlinear equations,
and one has a better global convergence safeguards for the situation, which should help for the case when there
are many local minima to avoid the points that do not have the correct inertia of the Hessian.

In our case the first approach is the “optimize-and-interpolate” approach that we described in Section (2),
whereas the second approach is the “interpolate-and-optimize” approach that we describe in the Subsection 3.2
bellow . The following result settles in the positive the question of whether the two approaches are equivalent in
the limit of the ansatz z2 = T'(z1). The proof technique is similar to the one we used for proving the approximation
order of the interpolation approach, and is ommited.

Theorem 2 Assume that the solution x* = (x7,x5)of the original optimization problem satisfies||zs — T'(x7)| <
1, therefore the multiscale ansatz is not perfect, it is merely very good. Then the solution Z1of the nonlinear
equation and Z1of the reduced optimization problem satisfy

27 = &1l = O(lle3 = T@DI) |2t — &1l = O(lla5 — T(a7)|)
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3.2 An optimization approach for the electronic structure problem

In this section we discuss the approach in which we use the interpolation ansatz (26) to create a reduced energy
functional, that depends only on the densities in the representative domains, which we then minimize.

The key terms are the ones that emerge from the electrostatic potential. We present a succint derivation of
the respective equations.

Define
N / ‘F + Ty(a).irt |‘F + Tx(y).4>t) ,
K, (ro,ro) = va(i)vy(4) oy =1,2....p,0 ¥’ eY?,
! ;; ! I2(x0 + Ty (a),ir t) — P(x” + Ty(y),5, )] “ K
- - F(r’ + Ty(a),i t)] 0 0
La(ro) = va (i ‘ X , o a=1,2,...,p,r €Yy,
A=1i=1 ||<I) r0 + Ty (a),is ) — (Ra, 1)] 7 ’
M,(x%) = Zua(i)|F(r°+TX<Q),i,t)| a=1,2,...,pr’eYl.

Using the interpolation ansatz, we can express several of the terms in (7) as a function of the densities in the
representative domains.

J(p) = 222/ KM (2% ) pa (@ (x°, 1)) py ((x”, £))dr’ddr”’

Ene(p) = fZ/YU La(ro)pa(cb(ro’t))dro’

/ pdr

The difficult part has to do with the kinetic energy and exchange terms 7'[p], K[p] whose dependence on the
density is not linear and, outside the Thomas-Fermi theory, not even simple to state. Assume that the latter
terms are described by a univariate density *(p,), as described in the first term of (1), and as is indeed the case
for the Thomas-Fermi representation, with rhe rule

Z/YO Mo (r”)pa(®(x°,t))dr’

a=1

6'(p,r) = Crp? — Cup?.

Then, by an argument similar to the one in Theorem 1, we obtain that the following approximation is accurate,
up to terms O((5%)?).

Tl + Klp] ~ Z / M (x°)0" (s &(°, £))r”

With these approximations and definitions and referring back to (7) we can then define the following electronic
structure computation problem

min E'°(p), subject to /p =N, (43)

where we use the superscript “IO” to denote the “interpolate-and-optimize” approach.
The following are the optimality conditions of the optimality conditions.

P
0 = Ma(ro)Vpal(pa,@(rO,t))—ia(ro)—i—Z/ Kory (22, 1%) py (B(r 1)) dr® + AM,, (r°)
F=17YY

i [ i)

It is clear that the optimality conditions of the “interpolate-and-optimize” approach are more computationally
intensive to set up. Nonetheless, they open the avenue for using special techniques (such as projected gradient)
that are available and stable only for optimization formulation. We plan to compare the relative benefits of the
“interpolate-and-optimize” approach versus the “optimize-and-interpolate approach” in the near future.

N
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4 Nanostructure Shape Investigation

The optimization of the geometry of a nanostructure, to find the most stable shape, reduces to solving an opti-
mization problem (called hereafter the lonic Problem) that minimizes the total energy given an electronic ground
state configuration of energy F. as a function of the position of the nuclei. More precisely, the equilibrium
configuration of a nanostructure is provided by that distribution of the nuclei that minimizes the energy

Fiot = Ee + Enn 5 (44)

where FE,, is the nucleus-nucleus interaction energy.

The assumption is that the kinetic energy of the nuclei is zero and, central to this development, that E.
is the electronic ground-state energy for the considered nuclear distribution. Following the Born-Oppenheimer
assumption, the electronic energy depends parametrically on the positions of the nuclei, through the dependence
of the electronic density on the nuclei positions. Thus, in a general from (that has the Thomas-Fermi of Eq.(7)
as a subcase):

EeZTM@N+EHMM@H+E“M@H+/?@Hén@%RADdh (45)

where T[p(r)] is the kinetic energy functional, EZ"[p(r)] is the electron-electron Coulomb repulsion energy,
E*¢[p(r)] is the exchange and correlation energy, and Veqz+(r; {Ra}) is the ionic potential, which parametrically
depends on the distribution of the nuclei {Ra}. The explicit dependence of T'[p(r)] and E*°[p(r)] on the density
p(r) is typically not available, and consequently it is approximated in some fashion [22, 29, 23, 13|, an issue beyond
the scope of this document. According to the Hohenberg-Kohn theorem [14], the electronic density is such that
it minimizes E. subject to the charge conservation constraint of Eq.(2b).

Theorem 3 Consider the optimization problem

min Fiot = Ee + Epn (46a)
{Ra}

subject to the constraint that for a nuclear configuration {Ra} the energy E. is the electronic ground-state energy,
and the electronic density p that realizes this electronic ground energy additionally satisfies the charge constraint
equation of Eq.(2b). Under these assumptions, the first order optimality conditions for the optimization problem
of Eq.(46a) lead to

8Eewt aE’nn
ORKk OR K
where F i is interpreted as the force acting on nucleus K, and by definition

ezt( {RA} Z/ ezt {RA} Z / ‘I‘ZﬁpRAl (46C)

- *Z Y e (464)

A=1 B=A+1

Fg =

=0, (46b)

Proof

The proof relies on the calculus of variations. Since p(r) is determined to minimize the electronic energy, there
is a parametric dependency of this value on the ionic position: p(r) = p(r; {Ra}). After application of the chain
rule, the optimality conditions for E;o: will read

0E. Op O0F.  O0Fnn
op ORk ORg ORk

where R is the position of an arbitrary nucleus K.
The optimality conditions for minimizing the electronic energy as a functional of the electronic density lead to

=0 (47)

0F, dg
A= =0 48
5p 5p =0 (48)
where ) is the Lagrange multiplier associated with the constraint
glp] =0 (49)

that the electronic density must satisfy. For the problem at hand the charge conservation equation results in
glpl = [ p(r) dr — N.. Based on Eq.(49), the variation of p(r) with respect to Ri must satisfy

6g Op _
op ORk
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Multiplying Eq.(48) from the right by 8% ‘SEG BR” = 0, which, substituted back into (47) yields the

optimality condition stated in Eq.(46b) and thus completes the proof.

Therefore, for each nucleus K in the system, Eq.(46b) leads to the condition

M
. R R4—-—R
/p(r)ril{gdr—k E ZAA7}<§:O. (50)
llr — Rl[2 a=tazkx  |[Ra—Rxkl[>

Remarks:

1. The value of the above theorem is that it allows us to solve the nuclear equilibrium problem by using only
the solution of the electronic density problem, and not the values and the derivatives of the kinetic and
exchange energy functionals. Therefore, we can use even an entirely nontransparent encapsulation of the
electronic structure problem which allows our approach to work well with legacy codes that do not provide
all the needed derivatives.

2. The key observation is that once the electronic density is available, the equilibrium conditions of Eq.(50)
can be imposed right away. Wether the electronic structure computation is done with KS-DFT or OF-DFT
is irrelevant; moreover, there is no need to know the explicit dependence of the energy F. on the electronic
density p(r).

3. Assuggested in [19], the one-atom conditions of Eq.(46b) can be replaced by cluster conditions, an alternative
that will be explored in the future.

4. Because of the presence of the electronic density p(r) that displays pronounced cusps in the vicinity of nuclei,
the integral in Eq.(50) must be evaluated by using special techniques [3, 28]. This computational aspect is
central to the overall algorithm and will be detailed in a separate document.

When a local quasicontinuum approach is used, the condition of Eq.(50) is imposed only for repnuclei; that is,
only for K € B (see Eq.(21)). The position of the rest of the atoms in the system is then expressed in terms of the
position of the repnuclei. The repnuclei become the nodes of an atomic mesh, and interpolation is used to recover
the position of the remaining nuclei. For instance, if the atomic mesh is denoted by M, 7 is an arbitrary cell in
this mesh, V(7) represents the set of the nodes associated with cell 7, and ¢, is the shape function associated
with node L, then the condition of Eq.(50) is approximated as

> Rrer(Ra) — Rk

“ r— R Lev(T)
plr)——Zdr + 3 D Za 7 =0. (51)
/ l[r — Rkl|2 reM Acy L%:( )RLQOL(RA)—RKH2

eVv(r

This effectively reduces the dimension of the problem from 3 M (the (x,y,z) coordinates of the nuclei), to
3 Myep, where M., is the number of nodes in the atomic mesh (the number of repnuclei). The sum in Eq.(51)
is most likely not going to be the simulation bottleneck (solving the electronic problem for j is significantly more
demanding), but fast-multipole methods [1, 11, 24] can be considered to speed the summation.

Denoting by Pj, i = 1,..., M,ep, the position of the representative nucleus n;, the set of nonlinear equations
of Eq.(51) can be grouped into a nonlinear system that is solved for the relaxed configuration of the structure.

fi(P1, Py, ... Py, ) =0
f(Pl,Pg,. Pu,.,)=0 (52)
erep (P1,P2,...Pu,.,) =0

Finding the solution of this system is done by a Newton-like method. Evaluating the Jacobian information is
straightforward but not detailed here.

Finally, note that within Eq.(51) a connection is made back to Eq.(21); the position of an arbitrary nucleus
A in cell 7 is computed based on interpolation using the nodes V(7), one of many alternatives available (one
could consider repnuclei from neighboring cells for instance). Effectively, this provides in Eq.(21) an expression
for ®(-,¢) that only depends on A € V(7) rather than A € B.
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Figure 4: Computational flow.

5 Proposed Computational Setup

Given a nanostructure of known atomic composition (not necessarily mono-atomic or single-crystal), the goal is
to determine the electron density distribution as well as its final configuration; that is, the mapping ®. Because of
the assumption that the kinetic energy of the nuclei is zero, the problem corresponds to a zero Kelvin temperature
scenario. A methodology that handles the non-zero temperature case is not addressed here; most likely, it would
follow an approach similar to that of Car-Parrinello [5], or Payne et al. [21].

As indicated in Fig.4, the proposed solution has three principal modules: the Preprocessing stage, the Electronic
Problem, and the Ionic Problem. Preprocessing is carried out once at the beginning of the simulation. A suitable
chosen domain D is selected to include the nanostructure investigated. The partitioning of D into u subdomains
D;,i=1,...,u, is done to mirror the underlying periodicity of the structure. A set of subdomains D, ;) through
Dy (p) is determined to constitute the reconstruction domains, and as in section 2.3 they are denoted by Y7 through
Yp. In these p subdomains explicit electronic structure computation will be carried out accurately. A set of values
of the electronic density is required at the nodes of the discretization mesh; the initial guess for the electronic
density could be a uniform distribution throughout the nanostructure or, when practical, could be obtained based
on a periodic boundary conditions assumption by computing it in a domain D; and then cloning for the remaining
domains Dy. Preprocessing concludes with the initialization of the deformation map ® to zero.

The FElectronic Problem can be solved externally or internally. When it is solved externally, a specialized
code such as NWChem [12] or Gaussian03 [9] is employed to compute the electronic density in the reconstruction
subdomains Yy, € {1,...,p}. When the electronic problem is solved internally (only for qualitative studies,
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using for instance the Thomas-Fermi DFT; see section 2.3), the electronic structure computation requires a mesh
grid on which the integrals associated with the formulation are discretized. The algorithm uses three-dimensional
interpolation to provide for the density in D;, where j € {1,...,u} —{x(1),...,x(p)} (the analytical basis of this
process is detailed in section 2).

Independent of the type of solver invoked (external or internal), with a suitable norm the new electronic density
Y is compared to p'"*, and the computation restarts the Electronic Problem after setting p™""* = p"** unless
the corrected and initial values of the electronic density are close. This iterative process constitutes the first inner
loop of the algorithm. Its analytical foundation is discussed in sections 2 and 3.

The Ionic Problem uses the newly computed electronic density to reposition the nuclei and thus alter the
shape of the structure. The nonlinear system of Eq.(52) provides the position of the repnuclei, the other nuclei
being positioned based on the quasi-continuum paradigm discussed in section 4. The nonlinear system in Eq.(52)
is used by an iterative method, which leads to the second computation inner loop. This second inner loop has
four steps:

1. Evaluate the integral of Eq.(51); when necessary, evaluate its partial with respect to P;

2. Evaluate the double sum of Eq.(51), which is based on a partitioning of the structure; when necessary,
evaluate its partial with respect to the position of the representative atoms

3. Carry out a quasi-Newton step to update the positions P; of the M,., representative nuclei.

4. Go back to 1 if not converged

The precision in determining the position of the nuclei is directly influenced by the accuracy of the electronic
density p(r). Accurately solving the Electronic Problem is computationally intensive, and thus an important issue
not addressed by this work is the sensitivity of the solution of the non-linear system of Eq.(52) with respect to
p(r). It remains to be determined weather a crude approximation of the electronic density suffices for solving the
lonic Problem at a satisfactory level of accuracy.

After determining the position of the nuclei, the algorithm computes the new deformation mapping ® according
to Eq.(21). If the overall change in the position of repnuclei at the end of the Ionic Problem is smaller than a
threshold value, the computation stops; otherwise the new distribution of the nuclei is the input to a new FElectronic
Problem (second stage of the algorithm).

In summary, the algorithm passes through the Preprocessing stage once. It then solves the Electronic Problem
(the first inner loop) and proceeds to the Ionic Problem (the second inner loop). The outer loop (Electronic
Problem, followed by Ionic Problem) stops when there is no significant change in the position of the repnuclei.

6 Conclusions

This paper proposes a theoretical framework for nanostructure optimization. The geometric (space periodicity),
and the electronic (energy functional form) assumptions introduced in section 1.1 are at the center of a method-
ology that uses interpolation and coupled cross-domain optimization techniques in an effort to increase the size
of the problems that rely on a DFT-based solution component. For the electron density computation (the Elec-
tronic Problem) formal error bounds are provided for the interpolation and cross-domain reconstruction techniques
used. The electronic density reconstruction process can be done internally following an approach similar to the
one introduced in section 2.3 for the Thomas-Fermi DFT; alternatively, it can be carried out using dedicated
third party software such as NWChem or Gaussian03. In either case, the density is reconstructed by solving a
cross-domain coupled nonlinear problem formulated in section 3 as an optimization problem. The last step of
the proposed methodology calls for solving the lonic Problem; that is, repositioning the nuclei of the structure
given the electronic density in the domain. It was shown in section 4 that the new ionic configuration is the
solution of a non-linear system obtained based on a first order optimality condition. The Jacobian information
for this system is readily available, and its solution does not require the explicit dependency of the kinetic and
exchange-correlation energies on the electronic density.

Based on the proposed methodology, a set of simple test cases are currently under investigation: (a) the test
case presented in Fig.1 for a mono-atomic Al structure bounded by a surface; (b) the electronic structure study
of an inner defect in a silicon crystal.
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Appendix

A The Domain Decomposition Approach for Thomas-Fermi DFT

Within the Born-Oppenheimer framework, the electronic density minimizes the energy functional E [p, {Ra}] of
Eq.(7), subject to the charge conservation constraint of Eq.(2b). If p(r) is optimal, 6E [p; {Ra}] = 0 for any
change dp(r) that is consistent with the charge constraint, in other words, that satisfies

/5pdr =0. (53a)

If one suitably defines

Floe) (Ra)] = 5t ) = §Copd )+ [ 2 Z = (53b)

the condition

5E [p, (R} = / F [p(x); {Ra}) dp(x)dr = 0 (53¢)

should hold for any variation dp(r) that satisfies the condition of Eq.(53a). Consequently, F [p(r);{Ra}] is
constant, and by convention this constant is denoted by A. Thus, an optimal p(r) must necessarily satisfy

[p(r); {Ra}] + A
/p(r)dr — N,

Next, consider that the domain D is partitioned in two disjoint subdomains D1 UD2 = D, in order to prove that
by appropriately defining the external potential in each of these two subdomains, and then solving the associated
electronic problem in each domain, will produce the same solution p(r) that the problem in Eq.(54) leads to. For
this to happen, the following two conditions must be satisfied:

0 (54a)

0 (54b)

1. When solving the electronic structure problem in D1, the density p2 in the domain D3 is considered fixed;
in other words, the energy functional E' associated with D; depends parametrically on pa:

B oo {Ra}] = cp/pl )dr - C, /pl )dr+ 1 //ler_r,” drdr’ (%)

pa(r) pa(r') 7
// \r—r'u ax ar ZZA/Hr—RAH

Dy Dy

Note the introduction of the cross-domain interaction term

p1
d dr ,
// Hr—r’ll

Dy Do

2. When solving the electronic structure problem in Ds, the density p; in the domain D; is considered fixed;
in other words, the energy functional E? associated with Do depends parametrically on p:

E?[p2; p1,{Ra}] = CF/ % )dr — C, /p2 dr + = //p2 71‘,” drdr (55b)

D2 D

//mur r'u ZZA/Hr—RAH

Note the introduction of the cross-domain interaction term

p2(r) p1(r')
d dr
// Hr r’ll

D2 Dy

21



3. The charge conservation constraints assumes the form
(55¢)

/pl(r) dr+/p2(r) dr — N.=0.

Dy Do

The electronic problems are solved independently in Dy and D2, the coupling coming through Eq.(55¢). The
solution process starts with initial guesses for p1(r) and p2(r) and repeatedly solves the electronic problems in Dy

and D> until the change in p1(r) and p2(r) between successive iterations becomes negligible
In this framework, the first order optimality conditions for the electronic problems in Dy and Das; i.e
(56a)

6E1 [p1;p2, {Ra}] =0
SE* [p2; o1, {Ra}] =0, (56b)

should hold for any set of changes in density dp1(r) and dp2(r) that satisfy
(56¢)

/ dp1(r) dr + / dpi(r)dr=0.

For r € D1, by suitably defining
FLor(0): 22(x), {Ra}] = 2Crpi (1) /m ar’ /” RN 2 S
p1(r); pa(r), {Ra =*Fp‘rf Cup} rdr e T a
3Cre i e — '] =™ " 2 e Ral
(57b)

and, for r € Do, defining
Z 7‘

1 p(r / p2
p3( dr’ +
pi /H ’H [[r — ’|| l[r — Ral

Crpl (r) —

OJ\U(

F2 [p2(x); pr(r), {Ra}] =

the first-order optimality conditions become
(58a)

/ F [p1(r); p2(r), {Ra}] 6p1(r)
(58b)

/ F2 [pa() 1 (1), {Ra}] 6pa(r) = 0,

Do
which must hold for any perturbations dp1(r) and dp2(r) that satisfy Eq.(56¢). Then there should be a constant

u such that p1(r), p2(r), and p are the solution of the integral system

=0

F' o1 (x); pa(x) {RaY + 1 = 0 (59a)
F [p2(x); pr(x) {RaAY + 1 = 0 (59b)
/ p1(r)dr + / p2(r)dr — N. = 0. (59¢)

Dy Do

In what follows, denote by pi1(r) and p2(r) the solution of the above system, and define
_ [ ;) reb
p(r)’{ pa(r)  re D,

For any r € D, either r € D1, or r € D2. From Eq.(59a) in the first case, or Eq.(59b) in the second case, p(r)

must satisfy
5 2 4 1
= N3 — 3 d =
3Crpt () =30 /Hr ST ler—RAll 0 (602)
/ﬁ(r)drfNe = 0. (60b)
D
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Comparison of two Thomas Fermi implementations : :
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Figure 5: Solutions and Total Charge resulting from direct minimization of the Thomas Fermi functional and from
the minimization of the Thomas Fermi functional with density reconstruction

This is, however, precisely the problem that provides the solution p(r) for the original problem, defined over the
whole domain D (see Eq.(54)). Therefore, p(r) = p(r) and A = p.

Conversely, suppose that p(r) and A are such that the conditions of Eq.(54) hold for any r € D. Define
p1(r) = p(r) for any r € D1, and p2(r) = p(r) for any r € Ds; that is, define p1(r) and p2(r) to be the restrictions
of p(r) to D1 and D, respectively. Writing Eq.(54a) for any r € D; indicates that Eq.(59a) holds, while writing
Eq.(54a) for r € D, suggests that Eq.(59b) holds. Since D = Dy U Ds, the charge conservation condition in
Eq.(54b) can be expressed as in Eq.(59c). In other words, the solution of the electronic problem in D provides
for the solution of the electronic problem in the subdomains.

To conclude, one can divide the large problem and solve smaller electronic problems on the subdomains, with
the caveat that the potential (the cross-domain interaction) should be appropriately defined as indicated earlier.
Conversely, the electronic density in the big domain provides for the solution of the electronic density problem in
each subdomain.

Finally, the assumption that D was partitioned in two subdomains D; and D> was introduced to keep the
presentation simple. The same argument holds if D is partitioned in more subdomains, and the electronic problem
is solved in each of these domains in parallel with appropriately defined cross-domain potentials..

B Numerical Results

In this section, we compare the numerical results from the direct minimization approach of the Thomas Fermi
functional with the ones from the procedure described in Subsection (3.2).

Out one-dimensional setup is very similar to the one in Figure (2). We take 11 equally spaced nuclei with
unit charge, Z4 = 1, and we take the total number of electrons N to be equal to 11. The location of the atoms
coresponds to the peaks seen in Figure (5). We construct a mesh that has 50 nodes per cell, with 30 of them
equally spaced on an interval centered at the position of the atom and whose length is 1/5 of the distance between
two atoms. We therefore have 11 domains, D1, Ds, ..., D11. For discretization of the integral operators we use the
trapezoidal rule. When doing interpolation, we use only the domains D2, Dg,D1o in order to avoid the boundary
distortion. We use either piecewise linear or quadratic interpolations for the interpolation-based approach. We
chose the parameter § = 107*, with a slightly different regularization than described in the previous sections
whereby terms of the type 1/|| - || are replaced with 1/|| - +4]|.

We solve the resulting electronic structure optimization problem with the augmented Lagrangian software
Lancelot [6], which uses an iterative method to solve the bound constrained subproblem, that is obtained after
penalization of the constraints. When using the interpolation method, we enforce the interpolation conditions
(26) as constraints, rather than substituting them in the functional that describes the problem (43). In an actual
large scale implementation, the substitution would be carried out, and only the electronic density degrees of
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freedom in Di, D2,Dg,D10,D11 will be considered. In this work, we are seeking to evaluate the potential of
interpolation-based reconstruction without regard to computational efficiency, at the moment.

The solution of the direct numerical simulation and of the linear-interpolation-based optimization are depicted
in Figure 5. We can see that they are indistinguishable, which means that the interpolation approach was highly
succesfull at reconstructing the solution in the “gap” domains. The same is true for the quadratic-interpolation-
based reconstruction which is not depicted since the ticker overlap would reduce the quality of the figure. Note,
however, that the solutions are not identical. This can be seen by computing the total charge in the subdomains.
The results for the three methods are presented in Figure 5, the right panel. We see that the quadratic interpolation
method produced a very good fit, with a relative error that is uniformly bellow 2% for domains 2 to 10. Note that
a periodic approach (which is equivalent to requesting that all domains from Ds to Dig have the same density
must result in an error of the total charge that must exceed 4% for some subdomains.

The solution presents some irregular artifacts at the very end of the domain. That in itself is not that
surprising, given that the Thomas-Fermi theory is asymptotically valid in the bulk. We want to stress that we do
not investigate here how good of a prediction a DFT such as Thomas Fermi can make; rather we are investigating
the potential of density reconstruction methods to reduce computational effort while retaining high accuracy and
moving beyond periodic boundary conditions, which, from our computations and theoretical developments, seems
to be very high.

In future work, we will investigate the extension of these conclusions to other DF'T approaches.
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